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We identify by ab initio calculations a new type of three-dimensional carbon allotropes constructed
by inserting acetylenic or diacetylenic bonds into a body-centered cubic C8 lattice. The resulting sp+
sp3-hybridized cubane-yne and cubane-diyne structures consisting of C8 cubes can be characterized
as a cubic crystalline modification of linear carbon chains, but energetically more favorable than
the simplest linear carbyne chain and the cubic tetrahedral diamond and yne-diamond consisting
of C4 tetrahedrons. Electronic band calculations indicate that these new carbon allotropes are
semiconductors with an indirect band gap of 3.08 eV for cubane-yne and 2.53 eV for cubane-diyne.
The present results establish a new type of carbon phases consisting of C8 cubes and offer insights
into their outstanding structural and electronic properties.
I. INTRODUCTION
The valence electrons of carbon atom are capable of
forming sp3-, sp2- and sp-hybridized states that pos-
sess a wide range of properties with numerous appli-
cations in many areas of science and technology [1–3].
The two naturally occurring crystalline carbon struc-
tures in pure elemental form, i.e., graphite and dia-
mond, possess all sp2 or sp3 carbon-carbon bonds, re-
spectively. During the past thirty years, considerable
theoretical and experimental efforts have been made to
assess new potential carbon allotropes [4–27]. These ef-
forts have led to the discovery of a large variety of car-
bon allotropes with remarkable properties; most intrigu-
ing among them are the zero-dimensional fullerenes [24],
one-dimensional carbon nanotubes [25], two-dimensional
graphene [26], and cubic polybenzene [27]. Recently,
linear carbyne, the simplest one-dimensional (1D) car-
bon chain has been synthesized [28] in alternating sin-
gle and triple carbon-carbon bonding state. Mean-
while, the so-called graphyne [29] and graphdiyne [30]
are proposed by replacing one-third of the C-C bonds in
graphene sheet with acetylenic (−C≡C−) or diacetylenic
(−C≡C−C≡C−) linkages. Experimentally, large-scale
graphyne and graphdiyne films composed of sp + sp2
hybrid network have been successfully synthesized [31–
33]. Inspired by two-dimensional sp + sp2 hybridized
carbon allotropes, three-dimensional (3D) polybenzene-
ynes in sp + sp2 hybridized bonds with phenylic rings
and acetylenic chains have been reported recently [34] by
inserting acetylenic or diacetylenic bonds into an all sp2-
hybridized rhombohedral polybenzene lattice [35]. More-
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over, 3D sp+sp3-yne-diamond was suggested by inserting
acetylenic linkers into all the carbon-carbon bonds in cu-
bic diamond [36–38]. Meanwhile, a tetrayne-carbon (TY-
carbon) [37] has been designed by inserting yne bonds
into the cubic tetrahedral diamond (T-carbon) [39]. Such
porous yne-diamond carbon framework would be advan-
tageous for gas storage [38]. However, these sp+sp3 hy-
brid network structures are energetically less stable than
the simplest 1D linear carbon chains [34].
Beside cubic tetrahedral diamond, a supercubane con-
sisting of a body-centered cubic array of C8 cubes was
theoretically predicted [40] and synthesized recently by
using a pulsed-laser induced liquid-solid interface reac-
tion [41]. To understand the stability of yne-diamond-
like carbon framework structures, we have performed
a detailed ab initio study on a new type of 3D car-
bon allotropes constructed by inserting acetylenic or di-
acetylenic bonds into the supercubane lattice [40]. The
resulting all carbon cubane-yne and cubane-diyne net-
work structures can be characterized as a cubic crys-
talline modification of linear carbon chains, but they are
energetically more favorable than the carbyne chain and
the cubic tetrahedral diamond and yne-diamond consist-
ing of C4 tetrahedrons. Simulated phonon spectra reveal
that these structures are dynamically stable. Electronic
band calculations indicate that they are semiconductors
with an indirect band gap of 3.08 eV for cubane-yne and
2.53 eV for cubane-diyne.
II. COMPUTATIONAL METHOD
Our calculations were carried out using the density
functional theory as implemented in the Vienna ab ini-
tio simulation package (VASP) [42]. The generalized
gradient approximation (GGA) developed by Armiento-
2Mattsson (AM05) [43] were adopted for the exchange-
correlation potential. The all-electron projector aug-
mented wave (PAW) method [44] was adopted with
2s22p2 treated as valence electrons. A plane-wave ba-
sis set with a large energy cutoff of 800 eV was used.
Convergence criteria employed for both the electronic
self-consistent relaxation and the ionic relaxation were
set to 10−8 eV and 0.01 eV/A˚ for energy and force, re-
spectively. A hybrid density functional method based on
the Heyd-Scuseria-Ernzerhof scheme (HSE06) [45] was
used to calculate electronic properties. Phonon calcula-
tions were based on the supercell approach [46] using the
phonopy code [47].
III. RESULTS AND DISCUSSION
The simplest cubane-yne network can be constructed
by inserting acetylenic (−C≡C−) yne-bonds into the su-
percubane lattice [see Fig. 1(a)]. This new carbon phase
has an Im3¯m (D9
O
) symmetry, the same as that of super-
cubane lattice [40]. In the body centered cubic represen-
tation, it has a 32-atom unit cell with lattice parameter a
= 7.8370 A˚, occupying the 16f1 (0.1014, 0.1014, 0.1014)
and 16f2 (0.2051, 0.2051, 0.2051) Wyckoff positions, de-
noted by C1 and C2, respectively. The carbon atoms on
the C1 positions form two C8 cubes, as in supercubane
FIG. 1: Cubic yne-carbon structures consisting of C8 cubes
or C4 tetrahedrons. (a) Cubane-yne in sp + sp
3-hybridized
bonding network with lattice parameter a = 7.8370 A˚. The
16f1 (0.1014, 0.1014, 0.1014) atoms form two C8 cubes and
16f2 (0.2051, 0.2051, 0.2051) atoms form eight acetylenic yne-
bonds located between the C8 cubes; (b) Cubane-diyne in
sp + sp3-hybridized bonding network with lattice parameter
a = 10.8108 A˚. The atoms on 16f1 (0.0737, 0.0737, 0.0737)
site form two C8 cubes. The atoms on 16f2 (0.1485, 0.1485,
0.1485) and 16f3 (0.2141, 0.2141, 0.2141) sites form eight
diyne-bonds located between the C8 cubes; (c) T4-carbon
consisting of a simple cubic array of C4 tetrahedrons in sp
3
bonding state; (d) T4-yne consisting of C4 tetrahedrons and
acetylenic yne-bonds in sp+sp3-hybridized bonding network.
with sp3 hybridization, while the carbon atoms on the C2
positions form eight triple yne-bonds located between the
C8 cubes with sp-hybridization. There are three distinct
carbon-carbon bond lengths, a longer bond of 1.589 A˚
(C1-C1) in the cubes and two shorter bonds of 1.408 A˚
(C1-C2) and 1.220 A˚ (C2-C2) associated with the single
and triple bond in carbyne chains, respectively. Mean-
while, it has three different bond angles, 180o for ∠C1-C2-
C2 along the carbyne chains, 90
o for ∠C1-C1-C1 inside
and 125.26o for ∠C1-C1-C2 outside the cubes.
Figure 1(b) shows the cubane-diyne network by in-
serting diacetylenic (−C≡C−C≡C−) bonds between the
cubes in the supercubane lattice. The resulting structure
has a 48-atom cubic unit cell with an equilibrium lattice
parameter a = 10.8108 A˚, occupying the 16f1 (0.0737,
0.0737, 0.0737), 16f2 (0.1485, 0.1485, 0.1485) and 16f3
(0.2141, 0.2141, 0.2141) Wyckoff positions, denoted by
C1, C2, and C3, respectively. The carbon atoms on the
C1 positions form two C8 cubes, while the carbon atoms
on the C2 and C3 positions form eight diyne-bonds lo-
cated between the C8 cubes. There are four distinct
carbon-carbon bond lengths, a longer bond of 1.593 A˚
(C1-C1) is associated with the carbon atoms in the cu-
bic units and three shorter bonds of 1.401 A˚ (C1-C2),
1.228 A˚ (C2-C3), and 1.346 A˚ (C3-C3) are along the
chains between C8 cubes. Meanwhile, as in cubane-yne,
there are three different bond angles, 180o for ∠C1-C2-
C3 along the carbyne chains, 90
o for ∠C1-C1-C1 inside
and 125.26o for ∠C1-C1-C2 out of the cubes. It is noted
that these 3D carbon network structures are topologi-
cally corresponding to the three-fold carbon chains with
bond change from triple to single bond in the cubes, and
thus cubane-yne and cubane-diyne can be regarded as
the cubic crystalline modification of carbon chains.
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FIG. 2: The total energy as a function of volume per atom for
cubic supercubane, cubane-yne, and cubane-diyne compared
to those of T4-carbon, T4-yne, T-carbon [39], yne-diamond
[37], graphite and diamond. The dashed line indicates the
energy level of linear carbyne chain.
3TABLE I: Calculated equilibrium structural parameters (space group, volume V0, lattice parameters a and c, bond lengths
dC−C), total energy Etot, bulk modulus B0, and electronic band gap Eg for diamond, graphite, supercubane, cubane-yne, and
cubane-diyne at zero pressure, compared to available experimental data [48].
Structure Method V0(A˚
3/atom) a (A˚) c (A˚) dC−C (A˚) Etot (eV) B0 (GPa) Eg (eV)
Diamond (Fd3¯m) AM05 [34] 5.604 3.552 1.538 -9.018 451 5.36
Exp [48] 5.673 3.567 1.544 446 5.47
Supercubane (Im3¯m) AM05 7.148 4.853 1.470, 1.578 -8.355 329 4.17
Cubane-yne (Im3¯m) AM05 15.052 7.837 1.220−1.589 -8.100 148 3.08
Cubane-diyne (Im3¯m) AM05 26.345 10.811 1.228−1.593 -8.048 84.6 2.53
Graphite (P63/mmc) AM05 [34] 8.813 2.462 6.710 1.422 -9.045 280
Exp [48] 8.783 2.460 6.704 1.420 286
Figure 2 shows the calculated total energy versus
the volume per atom for supercubane, cubane-yne, and
cubane-diyne in comparison with the results for diamond,
graphite, carbyne, yne-diamond [37], and T-carbon [39].
The energetic data establish the following stability se-
quence: T-carbon < yne-diamond < carbyne < cubane-
diyne < cubane-yne < supercubane. It is seen that both
cubane-yne and cubane-diyne are located between the
energy range for supercubane and carbyne, and ener-
getically more stable than the 1D carbyne, while yne-
diamond and T-carbon are less stable than carbyne with
an energy loss of 0.11 eV and 0.16 eV per atom, respec-
tively.
To better understand the energetic stability of yne-
diamond, we further introduce a new simple cubic T4-
carbon structure [see Fig. 1(c)] (the 2×2×2 super-
cell containing two interwinding T-carbon networks) and
study its tetrayne (T4-yne) structure [see Fig. 1(d)]. It
is shown that T4-yne carbon is more stable than the cu-
bic T4-carbon and T-carbon, as stable as yne-diamond
[37], but less stable than the linear carbon chains (see
Fig. 2). These results suggest that yne-diamond like T4-
yne carbon consisting of C4 tetrahedrons is less stable
than carbyne due to the less favorable tetrahedral units
in T4-carbon and T-carbon [39]. The calculated equilib-
rium structural parameters, total energy, and bulk mod-
ulus for diamond, supercubane, cubane-yne, and cubane-
diyne, and graphite are listed in Table I and compared
to available experimental data [48].
To further establish the link between the calculated re-
sults and experiment, we plot the simulated x-ray diffrac-
tion (XRD) spectra of graphite, diamond, supercubane,
cubane-yne, and cubane-diyne in Fig. 3, compared to the
experimental data for detonation soot [49]. In the exper-
imental XRD data [49], the most prominent peaks arise
from graphite (g) and diamond (d); the peaks for super-
cubane at (110), (200), (211), and (310) match well with
the experimental XRD spectra located at 25.9◦, 37.4◦,
46.0◦, and 60.3◦, respectively. It is noted that the main
(101) peak at 25.9◦ for supercubane is very close to the
main (002) peak at 26.5◦ for graphite, thus supercubane
may coexist with graphite and diamond in the detona-
tion soot [49]. Meanwhile, the main (110) peak at 25.9◦
In
te
ns
ity
 (a
rb.
 un
its
)
908070605040302010
2q (deg)
Graphite
Diamond
Supercubane
0
0
2
2
0
0
2
1
1
1
1
1
2
2
0
(a)
(b)
2
2
0
1
0
0
1
0
1
1
0
2
0
0
4
1
0
3
1
1
0
1
1
2
Cubane-yne
Cubane-diyne
1
1
0
1
1
0
3
3
0
g
1
1
0
4
0
0
3
2
1
3
1
0
d
Soot
u d
FIG. 3: Comparison of simulated and experimental X-ray
diffraction (XRD) patterns. (a) Simulated XRD patterns for
graphite, diamond, supercubane, cubane-yne, and cubane-
diyne. (b) Experimental XRD patterns for detonation soot
[49]. g, d, and u indicate graphite, diamond, and unknown-
carbon, respectively. The X-ray wavelength is 1.54059 A˚.
for supercubane should shift to 15.9◦ for cubane-yne and
11.6◦ for cubane-diyne carbon.
We next examine the dynamical stability of super-
cubane, cubane-yne, and cubane-diyne by phonon mode
analysis. Figure 4(a) shows the phonon band structures
and phonon density of states (PDOS) for supercubane in
all sp3 bonds. The highest phonon frequency is located
at Γ point with a value of ∼1435 cm−1 due to the shorter
bond length of 1.470 A˚ between the C8 cubes, which is
higher than ∼1350 cm−1 for perfectly sp3 bonded dia-
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FIG. 4: Phonon band structures and density of states (PDOS)
for supercubane (a) in all sp3 bonds, cubane-yne (b) and
cubane-diyne (c) in sp+sp3 bonds. The spectra due to the
triple bonds occur around 2173−1 and 2242 cm−1.
mond [50], but closer to ∼1480 cm−1 for SC48 carbon
[23]. Throughout the entire Brillouin zone, no imagi-
nary frequencies are observed, confirming the dynamical
stability of supercubane. Figure 4(b) shows the phonon
band structures and PDOS for cubane-yne in sp+sp3
bonding network. There is a large phonon band gap in
the frequency range of 1462 and 2230 cm−1. The vibra-
tional modes due to the triple yne-bonds (C2-C2) can be
observed clearly around 2247 cm−1, while the vibrational
modes due to the sp3 bonds (C1-C1) are distributed be-
low 1462 cm−1. No imaginary frequencies were observed
throughout the entire phonon band structures, thus con-
firming the dynamical stability of cubane-yne. Similar
dynamical stability and vibrational modes are also con-
firmed for cubane-diyne as shown in Fig. 4(c). How-
ever, in the latter case there are two yne-modes around
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FIG. 5: Electronic band structures and density of states
(DOS) for supercubane (a) in all sp3 bonds, cubane-yne (b)
and cubane-diyne (c) in sp+sp3 bonds. The Fermi level is set
at zero eV as indicated by the dashed lines.
2173 and 2242 cm−1 related to the C2 and C3 carbon
atoms. These vibrational modes arising from the triple
yne-bonds are very close to experimental data 2189.8
cm−1 and 1926.2 cm−1 found in graphdiyne film [31].
Finally we discuss the electronic properties. The elec-
tronic band structures and density of states (DOS) are
calculated based on the hybrid density functional method
(HSE06) [45]. For supercubane, as shown in Fig. 5(a),
the conduction band minimum is located along the P-Γ
direction and valence band maximum is located at the
H point, showing a semiconducting behavior with an in-
direct band gap of 4.17 eV, smaller than 5.36 eV for di-
amond (see Table I). For cubane-yne, as shown in Fig.
5(b), the conduction band minimum and valence band
maximum are located at the H and Γ point, respectively,
showing a semiconductor character with an indirect band
5gap of 3.08 eV, which is smaller than 4.17 eV for su-
percubane. Meanwhile, for cubane-diyne, as shown in
Fig. 5(c), the conduction band minimum and valence
band maximum are located at the Γ and H point, re-
spectively, also showing a semiconductor character but
with a smaller indirect band gap of 2.53 eV, which is
close to 2.56 eV found in the linear carbon chain [28].
We can see that change of the carbon chain length has a
direct and considerable influence on the electronic band
gap.
IV. CONCLUSION
In conclusion, we have identified by ab initio calcula-
tions a new type of three-dimensional carbon allotropes
constructed by inserting acetylenic or diacetylenic bonds
into a body-centered cubic supercubane lattice. The re-
sulting all carbon cubane-yne and cubane-diyne network
structures in sp + sp3 bonding are topologically corre-
sponding to the crystalline modification of linear carbon
chains, and they are energetically more favorable than
the sp-hybridized carbyne chains and the recently re-
ported sp+ sp3-hybridized yne-diamond. Phonon calcu-
lations show that these newly predicted structures are all
dynamically stable. Electronic band and density of states
calculations indicate that both cubane-yne and cubane-
diyne with yne-bonds are semiconductors with an indi-
rect band gap of 3.08 eV and 2.53 eV, respectively. Our
findings suggest a novel strategy in constructing carbon
framework structures of yne-diamond and offer insights
into their outstanding structural and electronic proper-
ties in sp+ sp3 bonding networks.
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